The purpose of this study was to investigate the transmission mechanism of the three-dimensional impact stress in the human knee joint. In this study, two fresh specimens were prepared to search the impact stress by two methods: the impact testing with drop tower apparatus and the finite element simulation. In the testing, the specimens were installed in the apparatus, and an impact load was applied to each specimen by dropping 1 kg weights. The mini-pressure transducers were implanted in the joints of the femur and tibia, and the stress transmission was measured. Under the intact load condition, the impact compressive stress values of 0.140 to 0.320 MPa were observed. In the impact simulation, the 3D modeling with the hexahedral finite elements was developed, and the way the impact load was passing through the cancellous bone could be visualized. The simulation results of the compressive stress in the cancellous bone and the strain in the cortical bone surface were in considerably agreement with the testing results. The stress distribution calculated from the simulation showed that the removal of the meniscus affected the load transmission mechanism. As for the reason, it was considered that when sliding interfaces between the femoral cartilage and tibial cartilage are reduced, the impact load cannot be transmitted to the interior of the joint, causing the stress shielding inside.
Introduction
In daily activities, humans have impulsive external force during walking and exercising. They usually receive the load, adjusting it by the posture change, such as bending of their joints. However, if the impact acts so rapidly that they cannot react to it quickly, the impact load is considered to be rapidly transmitted to the joint or the interior of the bone.
Especially, the elucidation of the load transmission mechanism is clinically one of the most critical issues. Various measurement methods were thus carried out using some bone specimens, as well as external measurement such as gait analysis [1, 2] . Radin and colleagues [3] [4] [5] reported that impact stress degenerated joint disease, from a biomechanics prospective. Bourne et al. [6, 7] measured surface strain of the tibial bone of the meniscectomized knee. Hoshino and colleagues [8] applied an impact load to a knee specimen, and measured the stress transmission with the load cell transducers, reporting that the temporal variability of the load passing through the specimen varied under the intact and meniscectomized conditions.
Most studies, however, were conducted under static load condition [9, 10] , and the way the impact load is transmitted to the interior of the joint has not been revealed yet. In order to investigate the load transmission mechanism inside the joint by the mechanical experiments, the measurement technique should be improved, because the joint has a very complicated shape, and is a composite structure consisting of the cortical bone, articular cartilage, cancellous bone, and other tissue.
Computer simulation is an excellent solver for the prediction of dynamic phenomena under high-speed deformation conditions. While mechanical experiments enable to measure only a part of phenomena in the joint [11, 12] , computer simulations easily enable to set the targeted areas arbitrarily. Rahman et al. [13] have been modeling the joint surface of the knee and researching its behavior. Gruber et al. [14] have been using the wobbling mass model and rigid body model. However, in most studies to investigate the impact behavior with the finite element models, the only behavior of only the ligaments around the knee joint is tracked. Therefore, the impact transmission mechanism inside the joint has not become clear.
The purpose of this study was to investigate the impact load transmission mechanism from both finite element simulation and mechanical experiments. The reasonably agreement between the results from the finite element analysis and those from the experiments can reveal the complicated behavior of inside the knee joint. In this study, the dynamic environment inside the knee joint was strongly focused under the intact and meniscectomied conditions.
Material and Method

Impact knee test
Two fresh-frozen human knee joints of eighty-four-year-old (specimen 1) and seventy-four-year-old (specimen 2) patients were used in this study. Specimens were wrapped in saline-soaked surgical towels and stored at -35°C. After being thawed at room temperature, all soft tissues but the menisci were removed. The knee joint was trimmed about 160 mm above and below the joint surface. Both ends of the specimens were fixed with acrylic resin in specially designed cups and mounted on a custom drop-tower type apparatus (Fig. 1) . The lengths of the specimens were 330 mm, including the instruments.
For the measurement of the stress transmission inside the cancellous bone, the mini-pressure transducers (5 mm in diameter, 3 mm in width, PS-70KA-M260, Kyowa-Dengyo, Tokyo, Japan) were inserted into the slits bored in the diaphysial regions of the femur and tibia on the medial and lateral sides (Fig.2) . The output of the transducers was linear for compressive stress values below 7 MPa. They press-fitted slightly into the slits so that there are no spaces between the measurement surfaces and the slits. The inserted transducers were being under approximately 0.1 MPa pressurizations. These transducers maintained the linearity in the on-load and unload conditions. In addition, the strain-gauge film (KFG-5-120-C1, Kyowa-Dengyo, Tokyo, Japan) was put on the cortical surface of the posterior femur, and the result from the gauge was compared with those from the transducers. On the cortical surface of the tibia, the strain gauge was not able to be put, because the cortical bone on the tibia remains wet with body fluids dripping from the joint surface.
Each of the specimens was installed on the drop-tower apparatus, and an impact load was applied to it, by dropping a 1 kg weight from a height of 10 mm from the femur end. The impact stress transmission was measured with both the transducers and the strain gauges, and the temporal change was recorded using the digital amplifier logging system (DPM-711B, Kyowa-Dengyo, Tokyo, Japan) for 10 ms after the impact load was applied. This digital amplifier system enabled up to the two transducers to measure the impact stress simultaneously. The pressure transducers in the cancellous bones in the medial sides of the femur and tibia, and the strain gauge in the femur were used for the measurement. The tests were performed under the intact condition and the three conditions in which the removal of the menisci located between the femur and tibia was altered: the medial side of the menisci was removed, the lateral side of menisci was removed, and all menisci were removed. In the impact testing, the seven tests each specimen were conducted.
Finite element simulations
Finite elements of a specimen, when an impact load is applied to it, must become deformed rapidly. Therefore, the three-dimensional finite element model was constructed with hexahedral finite elements, as follows. At first, by the combination of slice images from two directions, a surface model of the femur and tibia was made, precisely reproducing the original contour figure. Then, the hexahedral finite elements in the surface model expanded until they filled up it. Finally, this model was completely packed with the hexahedral finite elements whose mean aspect ratio was approximately 0.5 [15] . The model consisted of the cortical bone, cancellous bone, articular cartilage, bone marrow, and meniscus. All tissues were assumed isotropic elastic material [16] . The number of the nodes of the finite elements model was 3,668, and the number of the elements was 3,033 (Fig.3) . In order to reproduce the actual contact conditions among the knee joint surfaces, the contact/sliding elements were configured between the femoral cartilage and meniscus, between the meniscus and tibial cartilage, and between the femoral cartilage and tibial cartilage. The same weight as in the drop tower test was applied and the temporal variability was investigated for 10 ms after the impact load was applied under the same conditions as in the test, using DYNA3D(Lawrence Livermore National Laboratory). Fig. 4(a) shows the typical measurement results of the impact compressive stress in the tibial cancellous bone at the medial side, obtained from the impact testing under the intact condition. It took approximately 0.5 ms until the compressive stress reached the peak value. After that, the stress continued to act on the specimen for 3.0 ms. Almost the same tendency of the temporal change was observed in both specimens (1 and 2). Fig. 4(b) shows the comparison of the peak values of impact compressive stress of two specimens under the intact condition and the conditions in which the medial side of the menisci was removed (medial-cut), the lateral side of menisci was removed (lateral-cut), and all menisci were removed (all-cut). Under the intact condition, the peak value of the specimen 1 was 0.140 MPa, and that of the specimen 2 was 0.320 MPa. Under the medial-cut condition, the peak value of the specimen 1 was 0.105 MPa, decreasing by 27% compared with that under the intact condition. In contrast under the lateral-cut condition, the peak value of the specimen 2 was hardly different from that under the intact condition. Under the all-cut condition, the peak values of the specimens 1 and 2 decreased by 0.050 MPa compared with those under the intact conditions. measured by both the impact testing with drop tower apparatus and the simulation with the hexahedral finite elements. The peak value in the simulation was in qualitatively agreement with that in the testing. Especially, the results by the testing and the simulation in the tibial cancellous bone at the medial side were extremely consistent even in the temporal change of the compressive stress. Fig.6 shows the results of the minimum principal stress in the frontal plane models under the intact, medial-cut, and all-cut conditions. In the intact condition model, the impact load was transmitted inside the cancellous bone. On the other hand, in the medial-cut condition model, the impact load was transmitted outside the cancellous bone. In the all-cut condition model, the minimum principal stress passing through the cancellous bone decreased rapidly.
Results
Discussion
Until now, biomechanical experimental measurements of the knee joint have had a limitation that strain gauges on the joint surface or load cells on the end the specimen must Hoshino et al. [8] performed the impact testing using the human knee joints under the intact, meniscectomised, and artificial replaced conditions. And they reported that the peak values of the impact load in the meniscectomised and artificial replaced conditions increased 121% and 176 % respectively, compared with that in the intact condition . However, the impact load in the cancellous bone inside the knee joint was not able to be evaluated by their measurement.
In contrast, Fukuda [17] and colleagues [18] measured the impact transmission of the porcine knee joint, using six transducers (the same type used in this study) implanted in the tibia. They reported that the peak value of compressive stress on the medial side of the cancellous bone in the intact condition was 0.29 MPa. This value was slightly larger than that in this study. The mechanical properties of the cancellous bone are generally similar to those of fluid-filled porous materials. Also, the apparent elastic modulus of the porcine cancellous bone is known to be larger than that of the human bone. And the human cancellous bone was much more porous than the porcine bone. Therefore, the measurement results in this study were considered to be appropriate.
In the results of the drop-tower tests, the compressive stress peak values of the specimens 1 and 2 were different. This is considered to be because their conditions in the cancellous bones were different properties. Unfortunately, in view of the effect on the mechanical properties of the tissues in the joint, only a limited number of devices, such as stress transducers can be used for direct measurement. In order to investigate the temporal change, the impact stress of each measuring point should be measured simultaneously. However, the digital amplifier system used in this study enables up to only three sensors to measure simultaneously. Therefore, one strain gauge in the femur, and two pressure transducers in the cancellous bones in the medial sides of the femur and tibia were used for the measurement.
In the measurement condition of this study, a small impact force in extremely short term (1kgW-10mm) was applied, and the specimens were constrained with the indenters at both sides. Therefore, the change in alignment between the femur and tibia by removal of the menisci was not considered. The measurement technique in this study can prove the validity of this finite element simulation. When ingenious approaches of both sensor insertion technique and experimental instruments are improved, the multipoint measurement in which the change of alignment can be considered and larger impact load is applied, becomes possible, as well as the comparison with the static loading condition.
In the simulation in this study, in order to obtain a high degree of reproducibility of experimental conditions, the analytical model for the impact simulation was composed of the hexahedral finite elements, which enable to measure a rapid decrease of impact stress precisely [15] . These simulation results were in qualitatively agreement with the impact testing results. The knee joint stress distribution calculated from the simulation was considered to reproduce the actual knee joint very well.
Gardiner and Weiss had made hexahedral simulation models for accurate analyses of the medial collateral ligament in the knee joint [19, 20] . They proposed the need for accurate modeling techniques to verify and validate biomechanical simulations. The knee joint has a complicated shape, and in order to precisely assess the mechanical behavior, the models of the tissues in the joint should be constructed using the hexahedral finite elements, by which the high level of analytical accuracy can be obtained. In the simulation model which was constructed in this study, all the structural tissues except the menisci consists of hexahedral finite elements. Particularly, the cancellous regions were infilled with the homogenous hexahedral finite elements (Fig.3) . The simulation results are considered to present maintaining sufficient numerical accuracy of impact load transmission, without re-meshing the model with smaller elements.
The simulation results showed that the removal of the meniscus decreased the stress transmitted to the tibia ( Figure 6 ). The remaining impact load, which was not transmitted to the tibia, was transmitted to where? Figure 7 shows the temporal change of the minimum principal stress in the femoral cortical bone. In the intact condition model, the stress reached the peak value of -0.50 MPa just after the impact load was applied, and then attenuated gradually. However, in the model under the condition in which the meniscus was removed, the high compressive stress occurred periodically after the impact load was applied.
This was attribute to the reduction of the contact regions between the femur and tibia caused by the removal of the meniscus. The impact stress wave was not transmitted from the interface of the femur missing the meniscus, and reflected inside the femur, before the alignment between the femur and the tibia is stabilized. It was thus considered that the impact load in the meniscectomised condition was not far transmitted at an extremely short term as in this study.
These results of the testing and the simulation differed considerably from the results from many studies which have ever been conducted under a static load condition. A stress caused by an impact load is usually much greater than that by a static load. This study results suggested that the impact stress, which occurs in daily living, cannot be far transmitted to the interior of the joint, causing the stress shielding inside. Applying the impact load approximately equal to the real impact, considering the change of the alignment of the femur and tibia in the impact testing, and using the computer simulation must give a possibility to reveal the more detailed mechanism of the dynamic stress environment. Intact Medial-Cut All-Cut Fig.7 Temporal change of minimum principal stress in femoral cortical bone in simulation models. The minimum principal stress in the intact model attenuated gradually. In the meniscectomied models, the stress occurred periodically.
